Early blockade of T cell-costimulatory activation pathways prevents development of experimental chronic allograft rejection. Ongoing T cell recognition of alloantigen and activation may also play an important role in progression of chronic rejection, but definitive evidence is lacking. We Our data are the first to demonstrate that blocking T cell-costimulatory activation late after transplantation, after initial graft injury, prevents progression of chronic allograft rejection supporting the hypothesis that ongoing T cell recognition of alloantigen and activation are key mediators of ongoing chronic allograft rejection. ( J. Clin. Invest.
Introduction
The pathogenesis of chronic rejection and the mechanisms responsible for its progression remain obscure, despite it being the most common cause of long-term allograft loss (1) (2) (3) . It has been suggested that both alloantigen-dependent and alloantigen-independent factors play an important role in the pathogenesis of chronic rejection (4) . The clinical observations that acute allograft rejection and delayed graft function are major risk factors for the development of chronic rejection led to the concept that initial graft damage sets into motion a series of potentially irreversible events, resulting ultimately in allograft failure. Experimental evidence to support this comes from reports which indicate that prevention of acute rejection and induction of tolerance may prevent development of chronic rejection (5) (6) (7) (8) . In particular, blocking T cell-costimulatory activation early after transplantation prevents development of experimental chronic cardiac (9) (10) (11) , as well as renal (12) , allograft rejection. It has been suggested, however, that continuous T cell recognition of alloantigen, presumably via the indirect pathway (i.e., T cells that recognize donor-derived peptides presented by self antigen-presenting cells [APCs] 1 ), and activation may play an important role in progression of chronic rejection (13) , although definitive studies are lacking. Understanding these mechanisms is essential for development of clinical strategies to prevent and interrupt progression of chronic allograft rejection.
The F344 to LEW rat renal allograft model is a well established model for the study of experimental chronic allograft rejection. In this model, kidneys are orthotopically transplanted and the animals are treated with a short course of low dose cyclosporine (CsA) to reverse acute rejection. If left without further intervention, these animals develop classical features of chronic rejection: namely, progressive proteinuria, graft interstitial mononuclear cell infiltration, arteriosclerosis, and glomerulosclerosis (12, 14) . These functional and pathologic features are associated with intragraft expression of various activation and inflammatory cytokines and growth factors that have been associated with development of the chronic rejection process (14) (15) (16) .
The purpose of this study was to investigate the role of the T cell activation in the progression of chronic rejection after initial graft injury had occurred. It is currently accepted that, in order for T cells to be fully activated, they require two signals: signal 1 is delivered after T cells recognize antigen through T cell receptor (TCR) interaction with an MHC-peptide complex on APCs. Signal 2, a costimulatory signal, is delivered by interaction of T cell receptors with their specific ligands on APCs. Perhaps the best characterized T cell-costimulatory signal is that delivered by CD28 binding to B7 (13, (17) (18) (19) (20) ; blockade of this pathway prevents acute graft rejection and induces tolerance in some transplant models (13, (21) (22) (23) (24) (25) (26) (27) . More recently, we have shown that early blockade of CD28-B7 by CTLA4Ig prevents development of chronic rejection (9, 12) . In the present study, we used the fusion protein CTLA4Ig to block CD28-B7 T cell costimulation several weeks after transplantation, after the initial injury occurred. The results support the hypothesis that ongoing T cell recruitment and activation play a key role in the progression of chronic rejection. They also provide the rationale to develop novel strategies to treat chronic rejection, a clinical problem that at the current time has no specific therapy.
Methods
Animals. Inbred 200-250 g male LEW rats (LEW, RT1 l ) were transplanted with kidneys from Fischer 344 (F344, RT1 lvl ) rats (allografts) or LEW rats (isografts); animals were purchased from Harlan SpragueDawley (Indianapolis, IN) .
Kidney transplantation. Kidneys were transplanted orthotopically to the left renal vessels and the left ureter of the host by end-toend anastomosis using 10-0 prolene sutures. The right kidney was removed 10 d later, as described (12) .
Reagents. The human fusion protein CTLA4Ig was obtained from Bristol-Myers-Squibb (Seattle, WA). CsA was obtained from Sandoz Research Institute (East Hanover, NJ).
Experimental groups. The control group ( n ϭ 13) of LEW rats received F344 kidneys and a short course of CsA (5 mg/kg/d ϫ 10 d, subcutaneously) and no further treatment. The treated group ( n ϭ 12) received the same CsA protocol, as well as a single injection of CTLA4Ig (0.5 mg, intraperitoneally) at 8 wk postoperatively. Another group of animals treated with a single intraperitoneal injection of CTLA4Ig at 16 wk was also set up ( n ϭ 4). Grafts ( n ϭ 3-4) were harvested from randomly selected animals of the different groups at 16 or 24 wk after transplant, for morphologic, immunohistologic, and molecular analyses.
Function. Urine (24 h) was collected every 2-4 wk from the time of transplantation. Protein excretion was determined by measuring precipitation after interaction with 3% sulfosalicylic acid. Turbidity was assessed by absorbance at a wavelength of 595 nm using a Coleman Junior II spectrophotometer (12) .
Morphology. Kidney grafts from each recipient group ( n ϭ 3-4/ group/time point) were fixed in 10% buffered formalin, embedded in paraffin, sectioned and stained with hematoxylin and eosin for evaluation of cellular infiltrates by light microscopy, or stained by periodic acid-Schiff (PAS) for evaluation of glomerulosclerosis and vascular intimal hyperplasia (14) .
Immunopathology. mAbs, obtained from Serotec (Harlan Bioproducts for Science, Indianapolis, IN), except where noted, were directed against all rat leukocytes (CD45); T cells (TCR-␣ / ␤ , R73); and mononuclear phagocytes (CD68, ED-1). Cellular activation was assessed using mAbs to rat IL-2R, and the cytokines IL-2, IL-4, IL-10, IFN-␥ , RANTES, and MCP-1 (Peprotech, Wallingford, CT), plus monospecific polyclonal antibodies to IL-13, TGF-␤ , PDGF, and TNF-␣ (R&D Systems, Minneapolis, MN). Humoral responses were analyzed using rabbit anti-rat IgM, IgG, C3, and fibrin (ICN, Irvine, CA). Expression of pro-apoptotic genes (including CPP-32, also known as YAMA or capase-3, Bad, and ICH-1L) and antiapoptotic genes (Bcl-2, Bcl-xL) was determined using mAbs obtained from Transduction Laboratories (Lexington, KY); rabbit anti-rat hemoxygenase-1 (HO-1) was purchased from StressGen (Victoria, British Columbia, Canada). mAb binding was detected using rat Ig-absorbed goat anti-mouse IgG (Sigma Chemical Co., St. Louis, MO), rabbit anti-goat IgG, and goat peroxidase-antiperoxidase complexes (PAP). Binding of rabbit or goat Abs was detected using swine antirabbit IgG and rabbit PAP, or rabbit anti-goat IgG and goat PAP, respectively, purchased from DAKO (Carpinteria, CA).
Grafts were harvested, subdivided, and quick-frozen in isopentane and stored at Ϫ 80 Њ C in preparation for immunohistologic studies. Cryostat sections were fixed in paraformaldehyde-lysine-periodate for demonstration of leukocytes and activation antigens, or fixed in acetone for localization of cytokines, and stained by a three-layer (for polyclonal Ab) or four-layer (for mAb) PAP method, as previously described (9, 14, 27) . Briefly, sections were incubated overnight with primary antibodies at 4 Њ C, followed by incubations at room temperature with bridging antibodies, PAP complexes, and diaminobenzidine. Isotype-matched mAbs or purified Ig, and a control for residual endogenous peroxidase activity, were included in each experiment. Where indicated, antibody absorption with a corresponding cytokine (e.g., TGF-␤ , from R&D) was undertaken before immunohistologic labeling (14) . Numbers of labeled leukocytes within 10 consecutive high power fields of renal cortex/cryostat section/rat ( n ϭ 4/group) were determined, and compared by the unpaired, two-tailed Student's t test. Cytokine and endothelial labeling was judged semiquantitatively, due to the presence of extracellular (cytokines) or continuous (e.g., endothelial cell) labeling, as negative, Ͻ 5%, 5-20%, 20-50%, 50-90%, or Ͼ 90% of the cells indicated, as described (14, 27) .
Reverse transcriptase (RT)-PCR analysis. RNA was isolated from frozen kidneys using a guanidinium isothiocyanate/phenol-chloroform isolation method (ULTRA-spec., Biotecx, Houston, TX). Total RNA was used for first strand cDNA using oligo dT [12] [13] [14] [15] [16] [17] [18] and RT according to supplier-recommended conditions (GIBCO-BRL, Gaithersburg, MD). Nonlooping, nonoverlapping, oligonucleotide primer pairs from separate exons were prepared for each gene studied (IL-2, IFN-␥ , IL-6, IL-12, TNF-␣ , RANTES, MCP-1, TGF-␤ ) by Clontech (Palo Alto, CA) or by Genosys (The Woodlands, TX). Competitive PCR for quantification of mRNA was performed as described (16) . Amplification was begun with incubation at 94 Њ C for 2 min, and was optimized for each cytokine. PCR products (5 ml) were run on an ethidium bromide-stained 1.5% agarose gel and gene-specific bands were visualized with ultraviolet light. We performed control experiments for each primer pair by substituting water for cDNA and omitting RT during the cDNA synthesis. Quantities of MIMIC or competitor fragments (Clontech) and target cDNA were compared using a PC SCANJET with analysis by Adobe Photoshop software (Adobe Inc., San Jose, CA). Absolute amounts of cytokine PCR products as determined by competitive PCR were corrected by dividing by amounts of ␤ actin PCR product. Each sample was repeated twice and values are expressed as mean Ϯ SD (12, 16, 28, 29) .
Statistical analysis. For urinary protein excretion, one way ANOVA was performed at each time point. The group effects were all significant at the 0.05 level for P values. To examine individual differences further, comparison between every pair of groups was performed. The two sample t tests for independent samples were used for data from the RT-PCR analysis.
Results
Graft function. 36 animals were transplanted, 6 of which died by day 16 before the animals were randomly assigned to receive no further treatment ( n ϭ 18) or CTLA4Ig at 8 wk after transplant ( n ϭ 12). One animal in the control group died at 20 wk and another developed severe hematuria and was excluded from the analysis. A total of 11 LEW into LEW isografts was also set up. Proteinuria has been reported to be one of the best surrogates for chronic kidney dysfunction in the F344 into LEW model of chronic renal allograft rejection (15) . As the interruption group did not receive CTLA4Ig until 8 wk after transplantation, the protein excretion for all animals was graphed together as treatment up to this time was identical ( Fig. 1 ). After this time point, the proteinuria was plotted separately. Animals that received CTLA4Ig were prospectively assigned at the time of operation to avoid any bias in animal selection. In allograft recipients treated with CsA alone, animals usually start to show an increase in their 24-h protein excretion after 8-12 wk after transplantation (12, 14) . In our study, animals treated with CsA plus CTLA4Ig at 8 wk after transplant did not develop progressive proteinuria throughout the follow-up period of 24 wk (14.3 Ϯ 4.1 mg/24 h versus 41.0 Ϯ 12.0 mg/24 h at 24 wk, P ϭ 0.043). Control isograft proteinuria was 9.88 Ϯ 0.68 mg/24 h at the same time point (Fig. 1) . These data indicate that CD28-B7 blockade late after transplantation interrupts progressive deterioration in allograft function characteristic of chronic rejection in this model.
Graft morphology. At 8 wk after transplantation, the time at which CTLA4Ig was administered, allografts showed moderate to large perivascular and periglomerular aggregates of mononuclear cell infiltrates, but little morphologic evidence of renal injury, as previously noted (14) . By 24 wk, the morphologic features of allografts in rats receiving CTLA4Ig were markedly different in comparison to rats given CsA alone (Fig.  2) , based on analysis of paraffin sections (4 m) prepared from at least six different levels from the renal cortex of each of four grafts/group. Allografts in CsA-treated animals displayed the characteristic changes of chronic rejection: 79% of renal arteries ( n ϭ 126 vessels studied) showed evidence of intimal proliferation with 20-50% luminal occlusion of individual vessels; 83% of glomeruli ( n ϭ 213 glomeruli studied) had focal and segmental proliferation, and dense interstitial infiltration by mononuclear cells, with large perivascular and periglomerular aggregates. By contrast, allografts within animals receiving additional therapy with CTLA4Ig at 8 wk showed only minor, nonspecific changes over those seen at 8 wk: arteries ( n ϭ 136) showed evidence of ballooning of the endothelial cells and medial vacuolization, but only 3% of arteries showed any degree of intimal proliferation; glomeruli ( n ϭ 173) were normal apart from focal and mild to moderate hypercellularity of mesangial areas due to the glomerular accumulation of small numbers of mononuclear cells; and only minor focal interstitial infiltrates of mononuclear cells were noted. These findings clearly indicate that CD28-B7 blockade late after transplantation interrupts progression of key morphological features of chronic rejection in this model.
Immunopathology. By 24 wk, allografts in CsA-treated recipients contained dense mononuclear cell infiltrates, consisting of macrophages and some T cells, and widespread evidence of cellular and humoral immune activation ( Fig. 3 ; Table I ). These grafts contained marked expression of the chemokines, RANTES and MCP-1, a largely Th1-predominant pattern of cytokine expression (IL-2, IFN-␥ , and TNF-␣ , but little or no IL-4, IL-10, or IL-13), and florid staining for the pro-fibrotic cytokines, TGF-␤ and PDGF. Grafts also contained dense deposition of IgG, IgM, C3, and fibrin throughout the vasculature.
In contrast to the CsA group, allografts in animals receiving CsA plus CTLA4Ig showed a marked attenuation of both cellular and humoral responses (Table I) . Addition of CTLA4Ig significantly reduced allograft infiltration by macrophages and T cells, as well as the extent of cellular IL-2R expression (Table I ). CTLA4Ig largely reduced to background levels of intragraft staining for Th1 cytokines, chemokines, and pro-fibrotic cytokines, but was associated with an enhanced expression of all three Th2 cytokines examined (IL-4, IL-10, IL-13). CTLA4Ig also markedly diminished the extent of intragraft deposition of alloantibodies, and associated C3 and fibrin.
In recent studies of long-surviving grafts (30-32), the presence of "protective" genes that inhibit apoptosis, oxidative stress, and activation of NF-B (33) was associated with infiltration of Th2 cytokine-producing cells and preservation of normal tissue architecture, whereas chronic rejection, including development of transplant arteriosclerosis, was linked with an absence of protective gene expression and upregulation of multiple pro-apoptotic genes, including CPP-32 and Bad. In the current study, negligible expression of any of these genes was apparent at 8 wk after transplant (not shown), whereas marked differences in their expression was apparent at 24 wk Controls also show moderate to large periglomerular and perivascular mononuclear cell aggregates, tubular vacuolization and atrophy, and transplant arteriosclerosis; arrows indicate the internal elastic lamina, such that in a there is Ͼ 50% occlusion of the lumen of an interlobular artery by the expanded intima. By contrast, CTLA4Ig administration resulted in preservation of normal glomerular architecture, tubular morphology and normal arteries, and was associated with only a low-level, diffuse mononuclear cell infiltrate. Representative of three to four animals/group. H&E counterstain, ϫ75. Figure 3 . Graft immunohistology at 24 wk. Representative immunohistologic findings ( n ϭ 3/group) in cryostat sections of rat renal allografts harvested at 24 wk after transplant from control animals ( left ) and those which received CTLA4Ig at 8 wk ( right ); where possible, serial sections are shown containing glomeruli ( G ), medium-sized arteries, and areas of intimal proliferation ( arrows ). In control grafts, sparse mononuclear cell labeling for IL-2 and moderate labeling for IFN-␥ are seen, whereas IL-4 and IL-10 are essentially absent, and dense leukocyte and intimal labeling for TNF-␣ , PDGF-A ␣ , and TGF-␤ are seen. By contrast with the results in controls, CTLA4Ig therapy led to reduction in staining for IL-2, IFN-␥ , TNF, PDGF-A ␣ , and TGF-␤ , whereas expression of IL-4 and IL-10 was increased. Hematoxylin counterstain, ϫ 50. (Table I ; Fig. 4 ). The control group showed endothelial and smooth muscle expression of CPP-32 and Bad, and only minor expression of Bcl-2, Bcl-xL, or HO-1. By contrast, the use of CTLA4Ig at 8 wk led to expression of Bcl-2, Ho-1, and Bcl-xL (Fig. 4) at 24 wk, but only focal expression of the CPP-32 (Fig.  4) or Bad genes. These data confirm that protection from development of chronic rejection is associated with expression of antiapoptotic genes in the graft.
RT-PCR. Using a semiquantitative competitive method of RT-PCR, we analyzed the intragraft expression of key macrophage activation products at 16 wk after transplant, a time point when these products are maximally expressed in control animals (12, 16) . CTLA4Ig therapy was associated with a significant decrease in intragraft expression of the T cell cytokines IL-2 and TNF-␣ , the macrophage cytokines IL-6 and IL-12, the chemoattractant MCP-1, and iNOS (Fig. 5) , as compared to CsA only treated controls, all previously shown to be associated with development of chronic allograft rejection in this model (12, 16) . These data confirm our immunohistological studies at the gene transcript level and indicate that CD28-B7 blockade late after transplantation inhibits cell-mediated and humoral immune responses associated with development of progressive chronic graft dysfunction in this model.
Intervention at 16 wk after transplant. Based on the above observations, another experimental group of animals was set up to evaluate the effect of CD28-B7 blockade at 16 wk after transplantation. In our original studies, sequential RT-PCR and immunohistological analyses of renal allografts showed that at this time period there was significant infiltration by mononuclear cells, particularly macrophages, and upregulation of key T cell and macrophage activation products including cytokines, chemokines, and growth factors (12, 16) . We now show that animals treated with CTLA4Ig at 16 wk had a level of proteinuria comparable to the control group at that time point (17.6 Ϯ 8.3 mg/24 h versus 20.8 Ϯ 4.1, P ϭ NS), but, similar to the animals treated with CTLA4Ig at 8 wk, chronic graft dysfunction did not progress as evidenced by stable proteinuria at 24 wk; 24-h protein excretion was 12.8 Ϯ0.5 mg/24 h (n ϭ 3; although numerically lower, this did not attain statistical significance versus controls because of the small number of animals in that group). However, morphologic examination showed that use of CTLA4Ig at 16 wk reduced the extent of development of glomerulosclerosis compared to controls, such that allografts harvested at 24 wk were comparable to 16-wk samples, or had undergone only moderately increased focal and segmental glomerulosclerosis, whereas control grafts showed widespread, often global glomerulosclerosis (Fig. 6) . Analogous reduction of development of transplant arteriosclerosis was also noted when comparing allografts in rats treated with CTLA4Ig at 16 wk versus controls (not shown).
Discussion
Clinically, chronic rejection of solid organs is the leading cause of late allograft failure. The rate of allograft loss secondary to chronic rejection has not declined in recent years, with as yet no specific therapy for this condition. Although the pathophysiology of chronic rejection remains poorly understood, several factors are known to be associated with development of this process. These factors have previously been divided into antigen-dependent and antigen-independent elements (4). Early graft injury secondary to acute rejection and/or graft ischemia appear to be the most important risk factors for development of chronic rejection. T cell recognition of alloantigen and activation are essential for initiation of the process of chronic rejection. In fact, experimental evidence suggests that graft ischemia leads to increased "immunogenicity" of the graft by Comparison of allografts at 24 wk after transplant in animals (n ϭ 4/group) given CsA alone versus CsA plus a single injection of CTLA4Ig at 8 wk; cell counts are expressed as meanϮSD of positive cells/field of view (10 fields/section/kidney); EC, endothelial cells; SMC, smooth muscle cells. *P Ͻ 0.0001 when compared with CsA (control) group using the Student's t test.
upregulation of class II MHC molecule (28, 34) and costimulatory molecule (28, 35) expression. What has not been fully appreciated to date is whether chronic rejection is an irreversible consequence of initial graft injury, or whether it is an ongoing injury amenable to modification. In particular, the role of ongoing T cell activation in progression of chronic graft rejection remains unknown. In this study, we have used the F344 to LEW chronic renal allograft rejection model to study the role of T cell-costimulatory activation in progression of chronic rejection. Although not fully allogeneic, this model has been extensively used to investigate mechanisms of chronic rejection (36) (37) (38) . Functionally, monitoring protein excretion has been demonstrated to be the best, most sensitive surrogate marker that correlates with development of morphological changes of chronic rejection in this model; change in serum creatinine is typically a very late finding in this model (15) . It has already been demonstrated that by 8-16 wk after transplant, after acute rejection has occurred, early changes of chronic rejection can be demonstrated by subtle morphological changes and by typical expression patterns of T cell-and macrophage-activation products by immunohistology and RT-PCR (14, 16, 39) . Interestingly, in this model, chronic rejection can be reversed up to 12 wk by retransplantation of the allograft into donor strain recipients; but not, thereafter, the process apparently progressing towards endstage organ failure (39) . These findings provided the rationale for the timing of our intervention with CTLA4Ig at 8 and 16 wk after transplantation. Our data show for the first time that T cell-costimulatory blockade late after transplantation results in interruption of the deterioration of graft function and prevention of development of characteristic histological features of chronic rejection. These data indicate that, once initiated, chronic rejection is not necessarily an inevitable process, but can be interrupted by the blockade of T cell-costimulatory activation, thus demonstrating a central role for T cell activation in the evolution of chronic graft dysfunction. We acknowledge, based on the retransplantation data (39) and the sequential morphological, immunohistological, and RT-PCR analyses data of grafts undergoing chronic rejection in this model, that blocking T cell-costimulatory activation pathways at a time when the chronic rejection process is far advanced and is characterized by severe arteriosclerosis, glomerulosclerosis, and extensive interstitial fibrosis will not be effective in interrupting the progression of the process. However, our data indicate that there may be a window of opportunity where specific interventions may halt the progression of chronic allograft rejection. It is important to realize, however, that because T cells serve as the initiators of the effector mechanisms of the rejection process (40) , it is possible that targeting such mechanisms (monocyte/macrophage/endothelial cell, or B cell activation) may also lead to interruption of chronic rejection. Our observations provide the rationale to develop novel strategies in that regard.
Clinically, transplant recipients develop progressive organ dysfunction while being maintained on immunosuppressive drugs, suggesting that alloresponses are ongoing despite maintenance immunosuppression (1) . This is supported by recent observations by Batiuk et al. who showed that the calcineurin pathway is incompletely inhibited in human renal transplant recipients maintained on CsA (31) . This is consistent with our recent observations in human renal transplant recipients maintained on immunosuppression, showing that the presence of peripheral blood lymphocytes primed via the indirect pathway of allorecognition may correlate with development with chronic rejection (41) . More importantly, we (13) and others (10) have shown that, at least in experimental transplantation models, CsA therapy may abrogate the tolerogenic effects of T cellcostimulatory blockade, suggesting that CsA may interfere with regulatory mechanisms which suppress T cell-mediated immune responses in vivo.
The ability of CD28-B7 costimulatory blockade to interrupt an ongoing T cell response has been demonstrated in a model of spontaneous autoimmune lupus-like disease in mice (42) , in the autoimmune encephalomyelitis model (43, 44) , and in graft versus host disease (45) . The question of whether the regulation of the T cell response is due to costimulatory blockade on effector or memory T cells remains controversial (46) . In our study, the interruption of deterioration in organ dysfunction secondary to chronic rejection was brought about by a single injection of CTLA4Ig administered 8 or 16 wk after transplant. As the half-life of CTLA4Ig is only 50-70 h (47), this suggests that T cell-costimulatory blockade had a prolonged effect on the T cell response, more in keeping with an effect on memory T cells. Alternatively, CD28-B7 blockade may have resulted in generation of regulatory T cells that suppress ongoing cell-mediated immune responses in vivo. Little is known about whether memory T cells require CD28-B7-costimulatory signals in an allograft setting, although CTLA4Ig has been shown to block memory antibody production (48) .
One of the known consequences of CD28-B7 signaling is the regulation of cytokine production by T cells (19, 20, 49) . The control group of animals show the typical upregulation of cytokines and growth factors previously noted in this model to be associated with the development of chronic rejection (12, 14, 16, 19, 20) . The treated group of animals had a very different profile of cytokine expression, showing downregulation of Th1 cell function and inhibition of macrophage activation. This supports previous data indicating that macrophage infiltration and subsequent tissue remodeling within the graft are dependent on T cell activation. It is interesting to note that IL-4 and IL-13 are upregulated, in keeping with a Th2 switch as seen in animals treated with CTLA4Ig to induce tolerance in an acute renal allograft model (50). This is contrary to the suggestion that Th2 cytokines, although protective against an initial acute T cell immune response, may lead to the development of chronic rejection because of the associated humoral immune response. In fact, in our acute rejection model, induction of tolerance to renal allografts by CTLA4Ig was associated with inhibition of donor-specific, cell-mediated (mixed lymphocyte responses and lymphocyte-mediated cytotoxicity), as well as humoral immune responses in treated animals (27, 51) . Whether this Th2 switch is causally related to the protective effects of CD28-B7 blockade in this and other acute rejection models, remains undetermined (52) . In fact, recent data from Lakkis et al. indicate that CTLA4Ig therapy does prolong graft survival in IL-4 knockout cardiac transplant recipients (53), although the extent to which long-term survival was associated with development of chronic rejection was not examined in that model.
Given that the brunt of chronic rejection involves progres- Figure 5 . RT-PCR analysis of intragraft expression of T cell and macrophage products at 16 wk. Intragraft expression of T cell and macrophage products tested by RT-PCR against ␤-actin compared in the control group versus the group treated with CTLA4Ig at 8 wk. P Ͻ 0.05 for all products using t test for independent samples.
sive injury to graft vessels and subsequent proliferative and fibrotic responses, the expression of protective genes (30) in CTLA4Ig-treated recipients was of interest. Protective genes, such as Bcl-2 and Bcl-xL, regulate CPP-32-induced apoptosis, and inhibit the induction of multiple pro-inflammatory genes whose expression is associated with activation of the transcription factor, NF-B (33) . The extent to which protective gene expression is attributable to the actions of Th2 cytokines alone or in combination with other immunoregulatory molecules is under investigation, but the current studies extend evidence of their expression to orthotopic, functional transplant models, which will facilitate the further dissection of their mechanisms of protection in vitro and in vivo (30, 31) . In summary, we show that progression of chronic graft dysfunction is T cell dependent, and that strategies targeted at T cell-costimulatory blockade may provide a novel approach to Figure 6 . PAS staining of renal allografts showing the extent of global or focal (arrows) glomerulosclerosis and its reduction depending upon the timing of use of CTLA4Ig. Therapy with CTLA4Ig at 8 wk (a) markedly inhibited development of glomerulosclerosis, with only mild proliferative lesions apparent at 24 wk (c), in contrast to controls (b). In animals in which therapy was delayed to 16 wk (d-f), most glomeruli already showed mild to moderate focal and segmental glomerulosclerosis (d), but whereas controls developed severe glomerulosclerosis by 24 wk (e), CTLA4Ig-treated recipients still showed only mild to moderate proliferative lesions (arrows) with numerous patent capillary loops apparent within each glomerulus comparable to the lesions seen at 16 wk. PAS staining, ϫ200. prevent and interrupt this process. Obviously, such strategies have to be proven effective in fully allogeneic small and large animal models, particularly primates (32), before clinical development for human organ transplant recipients.
